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AN EXPERIMENTAL INVESTIGATION OF STING-SUPPORT EFFECTS ON DRAG AND A
COMPARISON WITH JET EFFECTS AT TRANSONIC SPEEDS ‘

By h1AURIC13S. CAHN

SUMMARY

R& are presen.!ed of an investigation of sting+upport
interference on afirbody drag ai tramwnicspeeds. Stings with
varying diameter, cone angle, and cylindrical length were tested
at h rear oj a model with variotMafierbody slwptx The data
were obtuinedat an angle of&k of 0° and ai Mach numbers
from 0.80 to 1.10. In general, the addition of a sting tomfmm.d
to cause a drag redu.ciwn. A nuthod is presented wlwreby
approximatesting-interferencecorrediom maybe mudsto models
with a~rbodia and sting supports of size and scule similar to
those of this investigation,providedthe boundarylayer is turbu-
lent ai the model bme and tlw Reynolds numbers are of the game
order of magnitude. Reyrw.kh 71Wdk7’ of tti tab prewnted
na~d from 16.0X106 to 17.4x 106based~ body .?t@h.

Sting e$ecta are comparedwith daia of jet eJeds on the same
ajterbodti. The remdts oj this comparison indiu.ztethai, for
the more graduully contoured aftdodie.s, a sting shape can be
found which will duplicate h jet ejecis, ihd W for bluni
aft+wbodti no solid sting shape will duplicate thejet e$ects.

INTRODUCTION

A large part of wind-tunnel testing involves the use of
rem ding-supported models. Experimental data for sting-
support effects on model characteristics are needed in order
to estimate more exactly free-flight conditions. A recent
surnnwy of information on sting-support interference (ref.
1) presrmtsa comprehensive study of sting effects at super-
sonic speeds; however, ss nokd h reference 1> the acute
problem at transonic speeds requires more experimental data.
An investigation has been conducted in the Langley 8-foot
tmnsonic tunnel to evaluate some of the effects of sting-sup-
port configuration on the drag characteristic of a systematic
series of afterbodies. The tests were conducted at an angle
of attack of 0° through the Mach number range horn 0.80
to 1.10 for stings with varying cone-angle, length, and diam-
eter. The sting effects determined are compared with data
of jot effects on the same afterbodies.
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increment between total afterbody pressure drag
coefficient at any given D# and at DJl=O

increment between total afterbody pressuro
drag eo&cient at Db~= ~ and at Dbfi?=O

pressure coefficient,’*
.

diameter
body length .
sting kmgth between model base and sting cone
hwe.-stresmMach number
static prewme
ratio of jet total pressure to free-stream static

prwmre
dynamic pressure
Reynolds number based on body length
jet total temperature, ‘1? -
station along longitudinal axis
afterbody boattail angle, deg
sting cone half-angle, deg

suBscRIPm:

A afterbody
b bsse
s sting

free stream
; boattsil
1 local -
max model mamrmun “

‘APPARATUS AND: METHODS

WIND-TUNNEL

This investigation ww conducted in the Langley 8-foot
tmnsonic tunnel, which has a dodecagonal slotted tmt
section. Continuous testing up to a Mach number of 1.10
was possible for these models. Details of the test section
arepresented in reference 2. Charact@tics of the airstream
are given in reference 3, wherein the maximum deviation
from the indicsted fiee%ream Mach number is shown to
be &O.003. ~
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The models us~ in the investigation were bodies of
revolution that consisted of a single forebody with inter-
chrmgeable afterbodies. These bodies had fieness ratios of
10 or 10.6, depending on the choim of afterbody. ~ey
were supported in the tunnel as shownjn @um 1 by two 45°
swept struts. These struts had chords of 11.25 inches and
NACA 65-010 airfoil sections mwm-rred parallel to the
airstream. Their leading edges intersected the bodies 21.7
inches from the nose.

E~ht afterbody conjurations (identified herein as
afterbodies A to EQ were designed, with the exception of
afterbody E, on the basis of the following equation (see
fig. 2):

radius at any station
maximum rsdius
radius at base
distance from afterbody origin to any station
distanca hmafterbody origin to end of cylindrical

section
distance from afterbody origin to body base
boattail angle

I \\.--%@ .~
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.Supporl-slrul foiing
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)%3UZE’. —. %ti.g-intcr”ore.(e mote. in L-rs:ey S-foot tr’rmric tuniel.
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Rmmm 2.—Afterbody shape.

The de+gn values of the afterbody variablea me given in
table I. Drawings of the afterbody shapes me shown in
figure 3. Afterbody E, while not of this afterbody family,
is included since it provides a low boattail angle otherwise
not available for the bodies having a fienes ratio of 10,0,
Tabulated in table II are the ordinates from which the body
ahapea were constructed. A sketch of the body shapes
appears as *e 4.

The models were instrumented with 26 static-pressure
“orifices in each of three rows located 0°, 45°, and 72° from
the plane of symmetry. Orifice distribution was the samo
in-each row. Also, two diametrically opposite base-preasuro
ori.ticeawere located a short distance inside the model base
SmmhlS.

WINGS

The stings were constructed of wood and were attached to
the rear of the models by means of an adapter contained
within the sting and the afterbody. The models were tested
with no sting and with the stings shown in figure 6. These
stings included configurations having conical half-angles
from 0° to 10° and no cylindrical sections ahead of the cone,
stinga with conical half-angles of 5° and cylindricrd sections
ahead of the cone varying from O to 13.40 inches, and cy-

TABLE I.—AFT’ERBODY DESIGN
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~Gmm 3.—Afterbcdy shape? hi~tigateci. ~ dimensions mo in
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TABLE 11.-BODY ORDINATES

(a) Forebody Ordinatea

Statlonr, in.Rid&r, S@tIanz, h. Rad& r,

Owl 0.1$9 I!Lam LM4
.179 lhml 2079

% .267 lam 2246
2LCOl 2WJ

;% % 24.000 2.4s4
Lmm 27.Cm 2488
O.om ig m am 2600
9.@m L&56 33.4s3 2ml

(b) Afterbody Ordinates
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FIGUEE 4.—Body shapes.

lindrical stings with diameters varying from 0.84 to 2.36
inches. The overall length of all stings was 26 inches.

TIWIWANDMEMUREMENTS

Various stings were tested with each afterbody at an angle
of attack of OO. For each configuration, the Mach number
was varied in 0.05 increments from 0.80 to 1.10. In order
to compare sting effects with jet effects, an ethylene-air
burner was exhausted through the base of-the model with
no sting in place. The total temperature of the jet exhaust
gas was 1,200° F. Data were taken for ratios of the jet total
pressure to free-stream static pressure varying from 2 to ap-
proximately 10 at free-stream Mach numbem of 0.80, 0.90,
1,00, and 1.10. Reynolds number based on body length
vmied from 16.0 X 10° to 17.4 X 106. (See ~. 6-) U
pressur~ were photographically reeorded from multiple tube
manometera.

REDUCTION OF DATA .

The pressure coefficients of these teats were numerically
integrated to obtain values of afterbody pressure drag co-

Afterbcdy II
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-..--—----.-
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24Q9
-..-—---.-..

z 4a9
2236
L1S!4

..--------..-
--------.....
.........----
---------.---

effichntwhich are based on body frontal area. The stings
used in this investigation had ho effect on the forebody
pressure drag as will be shown in the section entitled “Re-
sults and Discussion.” Baae drags were obtained by as-
suming that meaaured base pressures acted over the entire
model base.

PRECISION

Total-drag-coefficient errors due to possible inaccuracies
in measurement and to tunnel-empty stream nonuniformities
are estimated generally to be less than 0.005 at subsonic
speeds and not more than 0.010 at supersonic speeds.

The magnitude of the sting effects may be somewhat
affected by tunnel-wall disturbances above M= 1.0. A de-
tailed an~ysis of shock reflections of this type maybe found
in reference 3.

RESULTSAND DISCUSSION

DBS~ON OF FLOW PHENOMENA

I?riorto presentation of these results, a brief discussion
of the flow mechanikm occurring at the model base is con-
sidered to be desirable. Inasmuch as the flow separates
from the body at the model base, a region of low-energy air
is creded immediately behind the base. As a consequence,
the sh%amline adjacent to the wake has essentially a con-

stant pressure. The way in -whichthe pressure at the base
arrives at. its steady value can be illustrated by considering
a cylindrical afterbody. H in some way an external stream
is immediately imposed on this afterbody, the base pressure
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FIGURE 5.-8ting shapes investigated. All dimensions are in inches.

will in the &-st instant be equal to the free-strewn static
prewm. (See fig. 7 (a).) After some time, because of
viscous mixing, the external stream aspirates the base region
and lowers its pressure. The free stream is turned inward
with an accompanying increase in velocity. Viius mixu

18XI06

I I I I I I r , , ,
1 I I I II I

“W)
I I I I

.84 SS 92 96 I.00 1.04 ~ 1412
Mcch rink, W

FIQum 6.—Variation of Reynolds number, based on body length, with
Mach number.

hg, now being strengthened, causes moro aspiration of tho
base region with further turning inward of the free strenm.
Opposing this tiect is the increase in pressure in the wnke
where the external stream must be turned to beccmo hori-
zontal again.. Siice the base region is also affected by this
wake pressure rise, a baae preim.ireis established when tho
two opposing effects are in equilibrium. (see fig. 7 (b).)

Boattailing, if not so great as to cause separation ahcnd of
the base, will cause an increase in base pressure. (Seo fig. 7
(c).) This increase in base pressure results horn an incrense
in compression over the body as well as from the fact that
lPSSwake qgion is exposed to the aspiration offocts of tho
external stream. Placing a sting in the mnr of a model, in
addition to causing less wake exposure, requires the external
stream to be turned outward more rapidly. (See fig. 7 (d).)
These effects result in a base-prwaure increase. Incrcnsing
the sting cone angle or moving the sting cone closor to tho
base thus causes a further increase in the turning rate of 111o
external stream near the base and results in a further bnse-
pressure increase.

A sting also has effects m the body pressuresahead of tho
model base that are similar to the sting effects on bam pres.
sure. These effects, which are transmitted through the bocly
boundary layer, become smaller with increasing distanco up-
stream of the base, as is shown in figure 8. In figure 8 nre
typical pressuredistributions over the body with and without
a sting. The pressure coefficients for the oriflco row rdong
the plane of symmetry are shown for afterbodies B and D nt
four Mach numbers. The two afterbodies represent a blunt
and a gradually contoured rear end configuration, and the
sting is the one which had the largest effect. These results
indicate that the sting did not affect the body pressures for-
ward of the 60-percent station.

RPFEHOPSTINGCONFIGURATION ON BASE PRRIXIIJIIE

In @me 9, base pressure coefficients are presontecl ns rL
function of sting half-angle, length, and cross-sectional-area
parameters. As previously stated, the presence of a sting
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A= P*\
(a)

.— -—__

Excmuion

(b)

M,Pm

(c)
M,P&l

I

(d)

(n) Cylindrical aftcrbody immediately after starting of external stream.
(b) Cylindrical afterbody fully developed flow.

(o) .Boattailed afterbody.
(d) Boattailed afterbody with sting.

FIGURE 7.-Sketch of flow mechanism at base.

resultsin clmugw in base pressure as well as similarchanges

in body pressures upstream of the base. Consequently, rIs

would be expected, the variations in afterboclydrag, which

will be ~iscusseclin the following sections,are similar to

chnngcs in base pressure.

EFFECT OF STING CONFIQUFtA’JION ON DRAG

Sting oone-angle effeot.-Figure 10 shows the effect of
sting hnlf-rmgle on afterbody pressure drag. Presented at
Mach numbers from 0.80 to 1.10 are curves of base, boattail,
and total afterbocly pressuredrag coefficients as a function of
sting half-angle for each body tested. The length 1 of the
cylindrical section ahead of the sting cone is zero. These data
show that in spite of the large d.if7erencesin absolute drag
w-dues, the curves are similar for all afterbodies in that the
drng became lower with increasing sting cone angle. This

trend occurred primarily because of the more rapid rate of
turning of the external stream with increasing sting cone
angle. It should be pointed out that the downstream end of
the sting cones was limited to a diameter of 3.75 inches.

Since the curves of figure 10 tended to be linear, slopes of
the total afterbody drag curves were taken. These slopes am
plotted in figure 11 and can be used to summarize the sting
cone angle effect. For the cases where the variation of drag
with sting cone angle was not linear, the slopes were taken so
as to favor the low-angle portion of the curves. For after-
bodies B, C, and D, the curves indicate that the sting cone
angle effect near the speed of sound can be double the effect
noted at higher and lower speeds. The subsonic and super-
sonic ]evek of the angle effect, bCQ~~fl, for all bodies were of
the order of —0.006 with the exception of afterbody H.
Afterbody H was effectively the most blunt afterbody tested.
It can be seen that increasing boattail angle in general caused
an increase in sting-angle effect. This result was attributed
to the increased turning rate required by the external strenm
at the model base.

Sting-oone-position effect,-l?igure 12 shows the effect of
varying sting-cone position along the sting on base, boat tail,
and afterbody pressure drag coefficients. These data were
obtained with cones of 50 half-angle behind varying lengths
of c.onstantdiameter cylindrical sting sections. A drag re-
duction always occurred as the sting cone was moved toward
the base (increasing DJ!) and caused an increased rate of
turning of the external flow. Similar trends, although of
diilerent magnitude, were noted in reference 4 for a some-
what different configuration. It should again be pointed out
that the downstream end of the sting cones was limitecl to n
diameter of 3.75 inches.

The effect of sting-cone position has been determined only
for stings with a 5° cone half-angle. However, it is believed
that reasonable approximations of the effect of vayying cone
position for stings with other cone angles cm be obtained by
proper interpolation of the results presented herein. A
simple method of achieving this can be illustrated by use of a
typical plot of drag coefficient against sting angle. (See fig.
13.) The entire range of angles and lengths is bounded by
the two linear curves for DJ1=O nnd DJl= OJ. The curves
for the intermediate values of D# cannot cross over each
other since the variation of drag with sting length is a

monotonic hinction. Therefore, it would appem, that the

drag for intermediate values of DJ1 could be reasonably
approximated with linear curves. Having the drag values
for the intermediate DJ? values for 8=5° will allow these
approximation lines to be determined.

Let AC~ be defined as the ditl%rencebetween total after-
body drag coe.flicientat any given D,/l?“and at Db/l=O, and
let ACD,= be the difference between total afterbody ~~
coefficient at Dali= co and DJl=O. Then, on the basis of
the foregoing discussion AcJA~D,.G for any DJl may be
considered to be approximately a constant for all values of t?.
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FIGUEE 9.—Variation of base pressure ooeffioient with sting parameters.
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FIQmm 13.—lWatrative plot of C~A against 0for various values of Db/Z.

The parameter AC!DJAO.,- represents the ratio of sting-cone
effect on drag for a given sting lengtih (DJJ) to the maximum
sting-cone effect on drag. The maximum tiect is obtained
when thestingle@hiszero (~*/~=m). values of ACD/AOD._
obtained bm the data of @we 12 are presented in figure

14 (a). Their variation with DJZ is shown for each after-
body configuration through the Mach number range. Values
of ACJAC~, ~= for configurations having larger values of
Db/l than those shown in @me 14 (a) may be obtained in
@me 14 (b). These values are plotted against the reciprocal
of DJ? for each afterbody ccdguration through the Mach
number range. Figure 15 presents the slopes of the linear
portion of the curves shown in figure 14 (a). The magnitude
of thwe slopes is about 1.0 for all conjurations tested.

Sting-size effect ,—The effect on the’ base, boattail, and
afterbody pressure drag coefficients of varying the cccss-
sectional area of a cylindrical sting is presented in figure 16
for each afterbody. No sting cone was present on the sting
for these data and the effect of limiting the sting length to 26
inch= is believed to be negligible. k general, the dlect of
increasing the sting size was to decrease the dxag. Average
slopes of total afterbody presure drag with the sting size
parameter are plotted against Mach number in iigure 17.
The slopes are seen to vary from approximately zero to
–0.06.

STING-INTERFERENCE CORRE~ONS

Lnasmuchas a large number of afterbodies and stings were
tested in combination, a general equation has been derived

- from the results to provide corrections to wind-tumml drag
measurements for sting-interference eflects. Although the
scope of the present investigation was rather large, it was

necesswily limited. Therefore, any corrections obtained
empirically hwm th~e results shoul~ be restricted to stings
and afterbodies similar in scale and shape to those invwti-
gated. It is also recommended that the results be used
only for models having Reynolds number and boundary-
layer conditions that comply with those of the present teak
(See ref. 1.) The boundary layer was turbulent ahead of the
model base for the present temts.

Provided the previously mentioned limitations apply, it is
suggested that the derived general equation be used for
obtaining sting interference corrections in the following man-
ner. An afterbody shape should be selected from this report
similar to the one for which corrections are desired. The
correction due to the presence of the sting cone is

‘“”=(*)A”-= (2)

where ACDIACD,.Ucan be read horn figure 14 for the proper
values of Db/l and M; or for Dt.~ less than 0.6, A~D/A~D,maz

can be approximated by using figure15.

Inasmuch as the variation of CDwith sting angle is linear,

(3)

where b&@ can be read from figure 11 for tho correct
value of ill.

Substitution from equation (3) into equation (2) gives the
drag correction

‘C”’’(*)(%) (4)

This relationwillcorrect data for a stingwith a conicalsec-

tion to data for a stingwith o~y a cylinchicalsection,

In order to correctfor the cylindrical-sectiondiameter

(6)

‘here%2L)can be read from figure 17. The complete

sting correction then becomes

“=4%7X%9+(3[*I “)
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(b) Variation of AcD/AcD,- with ratio of ding length to base diameter.

l?rffurm 14.-%ing-kwgth effect with 0=6°.
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‘IGURE 15.—Variation of sting-length effect with Mach number. 0=5°.
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The correction thus obtained must be subtracted horn the
tot&drag coefficient based on model frontal area. It should
be noted that the value of ACDwill in all casea be negative
and will result in a drag increase when data are corrected to
the sting+ff condition. It is estimated that the above
method of obtaining sting corrections will give drag-ooeffi-
cient increments generally within 0.03 of the values obtained
by using the actual data points.

Corrections determined horn the present results have been
calculated for a model discussed in reference 5. Ii figure
18, the resulting corrections are compard with the correc-
tions determined by the method demribed in reference S.
The model of reference 5 had f3=5.6°, DO/D_ =0.416,
0=4.2°, D#= w, and AP/Ab=0.85. Aftexl)ody E ww

chosen m most closely approximating the model The model
was tested in a closed-throat tunnel. The sting corrections
in reference 6 were determined by using decreasing sting
sizes and extrapolating the zero sting size. Figure 18 indi-
cates good agreement between the present results and refer-
ence 5 for all configurations below a Mach number of 0.9.
Above this speed, indications are that sting corrections are
more sensitive to changes in tail configurations.

It#4
— Presnt kst

.2 0 D-558-m, fqsebge and fm
❑ D-558-II; fuselage, fm, od V,fiw

O D-558-IJ; cmnplete mod~ ~=1.9 (ref.5)
ACD A D-558-II; ccmp!ete rrmdal;~ =4°

.1
\ 4<b r * i v o

.7 .8 .9 Lo 1.1 1.2 1.3
Mmh mnnbw, IW ““ ‘-

I?vxIEH 18.—Comparieon of sting corrections from pr~ent test with
correotione obtained in reference 5.

A direct comparison with the sting effects of references 4
and 6 could not be made since none of the afterbodies of this
report approximate the configurations of references 4 and 6.
However, it is worthy of note that the sting effects in refer-
ences 4 and 6 are considerably larger than any of this test.
This differmce is a result of the configurations of references
4 and 6 having larger values of D,/D_ (0.737 and 1.00,
respectively).

SIMULA’HON OF JEl!EFFB17R3UTr’HA STING

Jet effects studies were made on each afterbody including
tests on a sting which had the shape of a free sonic jet expand-
ing from the rear of the bodies. The sting shape was determ-
ined by measurements of a schlieren photograph of a jet
at a total-pressure ratio of 5 and a temperature of 1,200° l?.
This sting having the same size and shape w the free jet
alwayB produced higher afterbody pressures than the jet.
This result was as might be expected, since the sting cmild
produce the solid-body effect but not the aspirating effect of
the jet.

There is, however, a possibili~ of simulating jet effects
with a sting of a d-iilerentshape than that of the free jet.
In figure 19 is shown the variation of afterbody pressure drag
coefficient with the sting parameters of this investigation
and with jet total-pressure ratio for a sonic free jet exhausting
at 1,200° 1?.

Figure 19 indicates that for the gradually contoured after-
bodiea a practicalstingshape can be made which willproduce

the same drag as the jet at a given pressure ratio. & the

afterbody shape becomes more blunt, the aspiration effect

of the jet becomes increasinglypredominant on the larger

wake behind the blunt rear end, and itbecomes increasingly

more diflicultto simulate the jet eilectwith solid sting

shapes. This simulation isimpossible for afterbodiesD and
H for reasonable jet-pressure ratios. Because of the small-
diameti sting required, jet simulation is impractical for
afte.rbody G. Afterbodies F and E would probably show
agreement between sting and jet data at pr~e ratios above
those presented since for the higher jet pressure ratios, the
free jet size would increase and ‘katie higher pressures rear-
ward of the base.
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CONCLUSIONS

From an investigation to determine the effects of sting- I
support on several body shapes, the following conclusions
have been drawn:

1. The presence of a sting in general causea a drag reduc-
tion.

2. Incrwhg sting cone angle, deme- sting @indrical
length ahead of the sting cone, and in general increasing sting
diwneter causes a drag reduction.

3. Sting-cone-rmgle effect inmeases with increasing boat-
tail angle.

4. Approximate sting interference corrections can be made
on models with afterbodies and s~ supports similar in

scale and geometry to those reported, provided the Reynolds
number is of the same order of magnitude and the boundary
layer ahead of the model base is turbulent..

5. For gradually contoured afterbodies, n sting can be
made which will duplicate jet effects, but for blunt after-
bodies no solid sting shape will produce the same efTectas
the jet.

LANGLEY AERONAUTICAL LABORATORY,

NATIONAL ADVISORY CormmrrEE FOR kiIRONAUTICS,

LANGLEY FIDLD, VA., Jurw 4, 1966.
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